The Leishmania donovani complex, which consists of L. donovani, L. infantum-L. chagasi, and L. archibaldi, is responsible for visceral manifestations of leishmaniasis. Multilocus enzyme electrophoresis is the standard method for the characterization and identification of strains of Leishmania. For L. infantum, the predominance of zymodeme MON-1 significantly reduces the discriminative power of this approach. In the present study, we developed 17 independent polymorphic microsatellite markers for the typing of strains of L. infantum, with the main emphasis on zymodeme MON-1. The discriminative powers of 11 markers selected from among these markers were tested by using a panel of 63 isolates of the L. donovani complex. Unique multilocus genotypes were observed for the strains analyzed, with only three exceptions. Model-based and distance-based analyses of the data set showed comparable results. It was possible to discriminate between L. donovani sensu stricto, a non-MON-1 group of L. infantum isolates, and a MON-1 group of L. infantum isolates. Within MON-1, three clusters with geographical correlations became apparent. The frequency of heterozygosity in the alleles analyzed varied extremely between the different groups of isolates. The main clusters described are not consistent with species definitions based on isoenzyme analysis but confirm the results of former PCR-based investigations.
ods for species and/or strain discrimination include analysis with monoclonal antibodies (17) ; molecular karyotyping (7, 18) ; PCR fingerprinting-random amplified polymorphic DNA analysis (1, 19, 36, 51, 60) ; and PCR amplification of distinct nuclear multicopy target sequences or kinetoplast DNA, followed by an analysis of the amplificates by sequencing, fragment length polymorphism analysis, restriction fragment length polymorphism analysis (6, 29, 30, 32, 35, 44) , and singlestrand conformation polymorphism analysis (10) . These methods are all limited in the intrinsic level of polymorphism that they can detect. These approaches are able to distinguish between strains belonging to the predominant zymodeme, MON-1, only in exceptional cases, thus making epidemiological or population genetic investigations of L. infantum almost impossible.
Recently, analysis of the length polymorphisms of microsatellite-containing regions has become an important tool for population and genetic studies for many different species (14, 58) . Microsatellites are tandemly repeated stretches of short nucleotide motifs of 1 to 6 bp ubiquitously distributed in the genomes of eukaryotic organisms. They mutate at rates five to six orders of magnitude higher than that of the bulk of DNA. Microsatellite loci present high variability mainly due to allelic repeat length variation (8) . The length variation of individual loci can easily be screened after amplification with primers that anneal specifically to their flanking regions. The results of these analyses are reproducible and exchangeable between laboratories. In contrast to MLEE, selection does not seem to act on polymorphisms in microsatellite length, and allelic variants are detectable because of the codominant nature of these markers. The major obstacle is the need to develop a new panel of 10 to 20 markers for nearly every species. Additionally, polymorphic repeats are not conserved between different species of Leishmania (21, 54) .
screening of the library, colony PCRs were conducted by using a T A of 52°C, 10 pmol of standard primers M13F and M13R, oligonucleotide (AC) 10 , and several cells of the white colonies as the template. Microsatellite-containing fragments produced double bands in the subsequent gel electrophoresis (3) . For sequencing, positive colonies were amplified again by using 10 pmol of primers SEQ_fw24 and SEQ_rev23 (see above) at a T A of 55°C.
By using Primer3 software (48) , PCR primers between 18 bp and 22 bp in length were designed against sequences flanking the detected microsatellites. Primers were deduced from sequences 5 to 25 nucleotides upstream and downstream of the repeat, with three exceptions due to unsuitable sequence patterns. A BLAST search was conducted for all markers to find corresponding sequences of Leishmania in order to determine the chromosome on which the amplified region was localized. One fragment with an insufficient flanking region was supplemented with a published sequence of L. major for primer design (template sequence of Li21-34R from strain MHOM/IL/80/Friedlin).
Primers Lm2TGf and Lm2TGr and primers Lm4TAf and Lm4TAr (Table 2 ) were designed by using the sequences published for two anonymous fragments, Lm2 and Lm4 (5). Lm2 (ϳ900 bp) contains three microsatellite tracts, the most polymorphic of which is a poly(TG) repeat located in the middle of the fragment. Primers Lm2TGf and Lm2TGr anneal to the flanking sequences of this microsatellite. Primers Lm4TAf and Lm4TAr were designed to amplify the variable poly(TA) repeat close to the 3Ј end of fragment Lm4 (ϳ560 bp).
Amplification of the ␣-tubulin intergenic region by primers Tub1 and Tub2 (see above) at a T A of 65°C yielded a PCR product of approximately 900 bp. Primers TubCAf and TubCAr (Table 2) were designed to amplify the most polymorphic microsatellite of the ␣-tubulin intergenic region.
Analysis of microsatellite variation. Amplification reactions were performed by using 40 ng DNA as a template and 10 pmol of each primer. All PCR assays were optimized with regard to the annealing temperature and by using the DNA of the originally cloned strain as the template. Polyacrylamide gels (12%; Roth, Germany) 350 by 450 by 0.8 mm were prepared by following the manufacturer's instructions. Separation was carried out in a vertical electrophoresis system for 18 h at 10 W. Gels were fixed in 1% nitric acid for 10 min, stained in 0.2% silver nitrate for 25 min, and developed by the use of 0.28 M sodium carbonate with 250 l 37% formalin added to each liter of solution. The gels were fixed with 10% acetic acid and blotted on filter paper. The dried gels were scanned and evaluated by using Bionumerics version 2.5 software (Applied Maths BVBA, Belgium).
Screening of the length variations of the amplified markers was also performed by gel electrophoresis in 4% MetaPhor agarose gels (BioWhittaker Molecular Applications), prepared by following the manufacturer's instructions. Separation took 3.5 h at 6 V/cm of interelectrode distance in a standard horizontal electrophoresis system.
In addition, PCR was performed with fluorescence-conjugated forward primers (Proligo, France), and the amplified products were analyzed in an automated capillary sequencer (CEQ 8000; Beckman Coulter) by using the fragment analysis tool.
Analysis of population structure. The multilocus genotype data, consisting of the repeat numbers determined by polyacrylamide gel electrophoresis (PAGE) or automated fragment analysis, were processed by using STRUCTURE software (43) . This application can be used to infer a population structure by a model-based clustering method independent of a particular mutation model. The complete set of individuals is divided into K subpopulations, with K ranging from 1 to 10. Isolates are assigned probabilistically to clusters or, in the case of admixed genotypes, jointly to more than one cluster, with the membership coefficients of all subpopulations adding up to 1 by use of a Bayesian algorithm. A series of runs (a burn-in period of 20,000 iterations and a run of 200,000 iterations) was performed for each value of K between 1 and 10.
Alternatively, pairwise distance matrices based on the genetic distance (D SA ) and the microsatellite distance (D dm ) were calculated. D SA is based on the infinite allele model. For individual pairwise comparison, D SA is estimated by 1 Ϫ P SA (where P SA is the proportion of shared alleles) (4) . D dm was developed for microsatellite application; it follows the single-step mutation model and is based on the average squared difference in allele size (15, 16) . Distances matrices (100 bootstrap replicates) were calculated by using MICROSAT software (34) . Phylograms based on the algorithm of the unweighted pair group method with arithmetic averages (UPGMA) (55) and consensus trees (majority rule, semistrict) were constructed by using PHYLIP 3.5c (11) and PAUP version 4.0b8 software (56) .
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper have been submitted to the EMBL database with the accession numbers AM050044 to AM050057.
RESULTS
Altogether, 1,154 clones of the (CA) n -enriched genomic library were screened, and 104 of these clones contained microsatellite structures. Redundancies and poor sequences reduced the number of suitable sequences to 28. For primer design, attention was paid to avoiding long flanking regions in which additional mutational events could interfere with the Table 1) . Fourteen of these produced an amplificate of the expected size and were polymorphic within the L. donovani complex ( Table 2) . Of these, eight markers which presented polymorphisms within Mediterranean strains of L. infantum were selected for further analyses. Three microsatellite markers based on Lm2 and Lm4 sequences and the ␣-tubulin intergenic region completed the panel.
For fragment analysis, three different methods were used. PAGE (Fig. 1A) , MetaPhor agarose gel electrophoresis (Fig. 1B) , and fragment analysis with an automated capillary sequencer (data not shown) were all found to be suitable for the detection of fragment length variations and yielded reproducible and comparable results. While PAGE analysis is a time-consuming method, automated fragment analysis can be performed more quickly, and the ability to process three different markers in one lane makes this approach suitable for high-throughput analysis. Separation on MetaPhor agarose gels has proven to be a quick and easy method for the screening of large numbers of samples for small length polymorphisms. Differences of a single dinucleotide repeat can be reliably determined between fragments run in neighboring lanes (Fig. 1B) .
The set of 11 microsatellite markers was tested with 51 strains of L. infantum from various areas of endemicity in the Mediterranean Basin and South America, with the main emphasis on strains of zymodeme MON-1. For comparison, 12 East African and Indian strains representing different taxonomic groups of the L. donovani complex were included (Table  1) . Previous genotypic analysis has not confirmed the existence of three different species, namely, L. donovani, L. infantum, and L. archibaldi, in Sudan and Ethiopia, as identified by MLEE (9, 20, 25, 30, 32, 44, 60) . In this study, the term "L.
infantum" is therefore applied only to strains from the Mediterranean Basin, Latin America (synonymous with L. chagasi [31] ), or China, while all isolates from East Africa and India are considered "L. donovani."
With the exception of marker Li71-5/2, which did not amplify five MON-1 isolates from Greece (isolates GH2, GH3, GH5, GH8, and GD7), one or two PCR products of the ex-FIG. 1. Fragment length analysis by PAGE (A) and MetaPhor agarose gel electrophoresis (B) of PCR products amplified with marker TubCA. Lanes (repeat numbers are in parentheses): 1, PP75 (n ϭ 9); 2, WR317 (n ϭ 9); 3, Lombardi (n ϭ 11); 4, LEM75 (n ϭ 9); 5, LPN114 (n ϭ 13); 6, PM1 (n ϭ 9); 7, LSL29 (n ϭ 9); 8, BCN16 (n ϭ 9); 9, IMT260 (n ϭ 9); 10, LRC-L47 (n ϭ 12); 11, RM1 (n ϭ 9); 12, LEM3249 (n ϭ 11); 13, LEM2298 (n ϭ 9); 14, BUCK (n ϭ 10); 15, LEM189 (n ϭ 11); M, 10-bp ladder. pected size were obtained for all strains and markers tested. The lengths of the amplified fragments, and thus the number of repeats, were always compared to the lengths of the fragments from cloned strain PM1. All markers used here with the exception of Li46-67 showed polymorphisms within strains of zymodeme MON-1; Li46-67 was, however, polymorphic for strains of other L. infantum zymodemes (Table 3) . Three markers (Lm2, Li46-67, and Li71-7) showed species-specific alleles for either L. donovani or L. infantum.
The analysis of microsatellite repeat variation revealed double bands at several of the loci analyzed. The appearance of three or more alleles per locus was never observed. Altogether, 9.7% of the 11 loci tested with 63 strains were apparently heterozygous for their microsatellite repeat numbers. The number of double bands per strain varied between zero and eight, depending on which main cluster the strain was a part of. While isolates of MON-1 presented almost no double bands or one at the most, all isolates from Sudan and Ethiopia had double bands for at least two loci. The non-MON-1 cluster from France, Spain, Italy, and Latin America showed a comparable frequency of double bands (25% of all loci analyzed). Remarkably, for many loci the same double band patterns were present in two or more strains within a particular cluster.
Based on the analysis of variation at 11 microsatellite loci, multilocus microsatellite types were established for the 63 strains studied. Among all isolates tested, only three multilocus microsatellite types were represented twice (the pairs GH8 and GD7, M9702 and LEM75, and DEVI and THAK35 each produced identical patterns). A correlation of the microsatellite patterns and the clinical manifestation caused by a particular strain or the host from which it was isolated could not be observed.
The genetic distance between the 63 strains of the L. donovani complex was calculated by using the coefficients D SA , and D dm , both of which resulted in the same tree topologies. The semistrict UPGMA phenograms, based on the distance matrices obtained, produced three major clusters corresponding to MON-1 strains of L. infantum, non-MON-1 strains of L. infantum, and East African and Indian strains of L. donovani ( Fig. 2A) . Nine isolates not classified by MLEE as well as two strains assigned to MON-77 and MON-108, respectively, were grouped together with the 29 MON-1 strains. The L. donovani cluster was further subdivided into three stable groups. Two of these, Sudan I and Sudan II, contained all strains from Sudan or Ethiopia. The third contained three MON-2 strains from India. The basal nodes separating the major MON-1, non-MON-1, and L. donovani clusters were, however, not supported by significant bootstrap values. Bootstrap values Ͼ50 were obtained only for nodes between subgroups inside the major clusters.
The Bayesian model-based algorithm implemented in the program STRUCTURE attempts to identify genetically distinct subgroups on the basis of allelic frequencies (43) . The analysis of all 63 isolates produced the same major groups at K equal to 3, MON-1, non-MON-1, and L. donovani, as seen in the UPGMA tree (Fig. 2) . Again, one large cluster represented all MON-1 strains together with several isolates of an unknown zymodeme, and the two strains were assigned to MON-77 and MON-108, respectively. At K equal to 6, the MON-1 group became further subdivided. The clusters comprising the strains of L. donovani from East Africa and India and non-MON-1 L. infantum remained stable. The only exceptions were two strains of L. chagasi, strains WR317 and LVCR, which showed a mixed assignment at K equal to 6. Strain BUCK from Malta, as well as the two isolates from China, showed admixture assignment at K equal to Ͻ6 and were interpreted as separate populations at K equal to 6.
Subsequently, for the 38 isolates assigned to the MON-1 cluster at K equal to 3, a second STUCTURE analysis was carried out. For these strains, an optimal number of three populations (K ϭ 3) was defined, leading to three clearly separated subgroups (Fig. 3) . The first group consists predominantly of strains from Portugal, the second consists of Spanish isolates, whereas the third group is mainly composed of strains from the eastern part of the Mediterranean Basin.
DISCUSSION
An important impetus for this study was the de novo isolation of hypervariable microsatellite loci to compose a set of markers usable for future epidemiological and population genetic studies with closely related strains of the L. donovani complex. Altogether, 17 polymorphic markers were developed, and 11 of these were analyzed with 63 different strains in order to test their discriminative power within the L. donovani complex, particularly within L. infantum MON-1. One of the markers tested was monomorphic within MON-1, and individual multilocus microsatellite patterns were observed for each isolate analyzed, with only three exceptions. Only amplification of kinetoplast DNA followed by restriction fragment length polymorphism analysis with a set of restriction enzymes can lead to a similarly high discriminative power (35) ; however, the results of microsatellite analysis are much easier to compare between laboratories or to store in databases.
By using a model-based clustering method, it was possible to delimit a group of strains of L. infantum which corresponds mainly to the phenotype MON-1. Furthermore, three definite subgroups were observed in this, until now, highly monomorphic group.
The microsatellite analysis has proven to be a powerful tool for population genetic investigations, as well as epidemiological investigations, of Leishmania species. These short sequence repeats are highly polymorphic, codominant, and dispersed throughout the parasite genome. It has been shown that microsatellite loci of the family Trypanosomatidae are stable under laboratory conditions and can be detected directly in biological samples containing low amounts of parasitic DNA (5, 28; our unpublished data).
A high number of independent microsatellite markers developed by us and other authors (5, 22, 47) are now available for multilocus microsatellite typing (MLMT) (12) of the L. donovani complex. In order to make high-throughput typing feasible, optimization of fragment analysis is most important. We have shown that PAGE, MetaPhor gel electrophoresis, and automated capillary sequencing all produced comparable and reproducible results. Automated fragment analysis can be performed more quickly, particularly because three different samples can be run in one lane. Theoretically, sequencing can also be used to determine the number of repeats. This is indispensable for the analysis of large fragments containing more than one microsatellite. This method is expensive, however, and sequences containing small tandem repeats are difficult to process. For the typing of large numbers of isolates, we recommend screening for polymorphisms in the different loci by using MetaPhor agarose gel electrophoresis and subsequently determining the repeat numbers in samples of different sizes by using fragment analysis in an automated capillary sequencer. This will reduce the number of necessary fragment analyses considerably and thus reduce the costs of microsatellite typing.
Unique multilocus microsatellite patterns have been observed for 34 of the 38 strains of the MON-1 cluster. MLMT thus offers the possibility to track down strains of this predominant zymodeme of L. infantum and to investigate its population dynamics. To infer a DNA-based population structure within L. infantum, a model-based analysis was carried out. This clustering method proved to be superior to distance-based approaches for the processing of data sets with low variability, like those presented by L. infantum MON-1. A separate analysis of the MON-1 cluster revealed three geographical subgroups. The results are promising, but many more isolates must be processed to confirm the spatial subdivision of the MON-1 group.
In general, the three main clusters identified by all phenetic methods were in good agreement with the results of previous studies that used different PCR-based methods (27, 32, 39) and were strongly associated with the zymodeme types (41) . The MON-1 cluster identified in this study also contained numerous isolates not typed by MLEE, as well as two strains assigned to MON-77 and MON-108. The last two zymodemes are, however, closely related to MON-1 (41). The two strains from China were assigned to the MON-1 cluster by distance-based analyses but held an intermediate position between that cluster and that of L. donovani obtained by model-based processing.
Distance-based analysis yielded essentially the same clusters, but bootstrap support of Ͼ50% was observed only between single strains or subclusters within the main groups and was never observed for basal nodes discriminating the major clusters ( Fig. 2A) . This is in agreement with the observation that microsatellite data become less informative for distantly related taxa (4) . D SA follows the infinite allele mutation model, in which every new mutation is assumed to give rise to a new allele, while D dm is based on the single-step mutation model, in which alleles can mutate only by the gain or the loss of one repeat unit. Goldstein et al. (16) showed that although an approach based on the single-step mutation model more accurately reflects the relationships of closely related isolates, D SA becomes more reliable as the genetic distance grows. Consequently, in our study D SA produced higher bootstrap values for major groups in the tree ( Fig. 2A) , while D dm was more suitable for the detection of significant relationships within the MON-1 group (data not shown).
The significance of microsatellite typing is influenced by the number of loci tested (49) . Microsatellites tend to gain repeat units, which is counteracted by constraints on allele sizes (57) . This will result in homoplasy caused by alleles that are identical (24) . Consequently, whether the analysis of more loci will improve the discriminatory power of MLMT significantly must always be examined. On the other hand, genetic distances between distantly related isolates are underestimated in microsatellite analysis (13) , a phenomenon which increases with the degree of polymorphism of the markers used (our unpublished data). By consideration of this phenomenon, for the analysis of population structures within the entire L. donovani complex, it could be useful to complete this panel with markers of low discriminatory power. Heterozygosity has often been reported in studies of microsatellite variation in other trypanosomatid protozoa (37, 47, 54) . The occurrence of double bands that vary in their microsatellite repeat numbers can be explained either by heterozygosity at individual loci or by the possibility that the locus analyzed is part of an isogene sequence (59) or a spacer region between such tandem-like repeated genes. Because the strains tested were not cloned, mixtures of strains cannot be excluded. Remarkably, in this study the frequency of "heterozygous" microsatellite loci was significantly higher in the Sudan-Ethiopia group and the non-MON-1 cluster than in MON-1 strains. The fact that all strains of the L. donovani complex showed patterns of only one or two microsatellite bands at all loci is most consistent with the strains being diploid, although our results do not preclude the possibility that some strains might be aneuploid or even polyploid. Heterozygosity may, however, be underestimated by conventional microsatellite assays because of mutation events that do not lead to length variations and the possible existence of null alleles (38) .
Multilocus microsatellite typing with the markers developed in this study has great potential for use in epidemiological and population genetic studies of strains within L. infantum MON-1 in order to investigate the structure and dynamics of the corresponding natural foci. It will also help to answer specific clinical questions, such as the role of parasite persistence after subclinical infection as well as endogenous and/or exogenous reinfection associated with immunosuppression and vector-independent transmission, such as congenital transmission and transmission via blood transfusion or shared syringes.
